Hydrogen has been found to be an important source of n-type conductivity in the transparent conducting oxide SnO 2 . We have studied the properties of H in SnO 2 single crystals with infrared spectroscopy.
I. INTRODUCTION
The passivation of dopants and defects in semiconductors by hydrogen is well known and has an impact on semiconductor technology that is widely recognized. 1 Recent theory [2] [3] [4] [5] [6] has reinvigorated interest in hydrogen as a possible source of conductivity and has drawn attention to early experimental work on H in semiconductors. For example, in the 1950's hydrogen was known to give rise to shallow donors in ZnO. [7] [8] [9] Transparent conducting oxides have unusual but highly useful properties, combining transparency in the visible region of the spectrum with high electrical conductivity. [10] [11] [12] Native defects such as O vacancies and cation interstitials have been frequently invoked as possible sources of n-type conductivity. [11] [12] [13] [14] Similar to the situation in ZnO, hydrogen recently has been proposed to be an important n-type dopant in several transparent conducting oxides. [4] [5] [6] [15] [16] [17] [18] SnO 2 is a prototypical transparent conducting oxide. 11, 12, 19 Recent theory finds that native defects are unlikely to be the source of conductivity. 5 Instead, interstitial hydrogen 4, 5 (H i ) and hydrogen at an oxygen vacancy 5 (H O ) have been predicted to be donors in SnO 2 . H i has been predicted to be mobile near room temperature whereas H O has been predicted to be more thermally stable. 5 The understanding and control of unintentional donor centers in SnO 2 is of particular interest because theory also suggests that SnO 2 is a good candidate for p-type doping. 5, 20 Early experimental work showed that annealing SnO 2 in a hydrogen-containing ambient gives rise to strong n-type conductivity, 21 and a number of O-H absorption lines have been identified in SnO 2 minerals. [22] [23] [24] [25] [26] A recent study confirms that annealing SnO 2 single crystals in hydrogen increases their conductivity and also gives rise to several O-H vibrational lines with a complicated reaction chemistry upon annealing. 27 These lines have been assigned to H i and two different complexes of H with a Sn 3 vacancy. It was also found that H can be present in SnO 2 samples that is not seen by infrared (IR) spectroscopy. It was suggested that this "hidden" H is present in the form of H O centers whose vibrational absorption would occur in a spectral region where the sample is opaque. 27 Our experimental results for H in SnO 2 and their interpretation will be compared and contrasted with the properties of H in ZnO. 28 The present paper reports an IR absorption study of the various hydrogen centers in SnO 2 , how they are produced, their annealing behavior, and their relationship to the free carriers that are introduced by hydrogen.
II. EXPERIMENT
The SnO 2 samples used in our studies were bulk, rutile phase, single crystals that had been grown by the vapor transport method. 34 samples to provide a contact-free method to probe the free-carrier concentration that is convenient for annealing experiments.
To probe the reactions and thermal stabilities of the various hydrogen-containing centers, annealing treatments were performed in a tube furnace with a flowing He ambient. The O-H lines and free-carrier absorption are not thermally stable for long storage times at room temperature. Therefore, samples were stored at 77 K between measurements except for those experiments where the stabilities of the various hydrogen centers at room temperature were deliberately investigated.
III. EXPERIMENTAL RESULTS
A. IR spectra Figure 1 shows IR spectra (4. Table I .
The ratios of H to D mode frequencies are also shown in Table I and have values close to 1.34, consistent with their assignment to O-H and O-D stretching. Surprisingly, the treatment in D 2 gas also produced the complicated O-H line spectrum that was observed under H 2 annealing in spectrum (iv). The broad absorption due to free carriers is also seen in spectrum (v).
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Samples used for spectra (i), (ii), (iv), and (v) were in their as-grown state prior to the heat treatment in the ambient that is indicated in Fig. 1 . Spectrum (iii), however, was measured for a sample that had been pre-annealed at 1100 °C for 5 hrs in flowing He to remove hydrogen from the as-grown sample.
This sample was then annealed in a sealed ampoule containing D 2 (2/3 atm at room temperature) at 700 (Table I) .
Results from the previous study by Hlaing Oo et al. 27 After the sample had been stored for 108 days at room temperature, it was re-annealed at 500 °C for 30 min in flowing He followed by a rapid quench. Following this heat treatment, the initial free-carrier absorption was recovered and the intensities of the 3156.5 and 3261.5 cm -1 lines were increased at the expense of the other O-H absorption lines in the sample. Furthermore, the total intensity of all of the O-H lines was found to be nearly constant for the various spectra shown in Figure 7 , that is, for the as-treated sample, following the subsequent storage times at room temperature, and following heat treatment at 500
°C. This result suggests that the various O-H centers have IR lines with similar oscillator strengths and that these centers can be inter-converted into one another by the appropriate thermal treatments.
IV. DISCUSSION
A. Production and thermal stability of H-related shallow donors
Samson and Fonstad found that annealing SnO 2 in an H 2 containing ambient at 900 °C introduced shallow donors with concentrations between 9.8x10 17 and 8x10 18 cm -3 , depending on the sample, and
suggested that H was the shallow donor. 21 The spectra shown in the present work in Figs. 1 (Figs. 4 and 7) suggest that there are at least two H-related donors. The dip in the free-carrier absorption at 100 °C seen in the annealing data shown in Fig. 4(b) suggests that there is a donor species that is not thermally stable at this temperature. There is also an additional shallow donor that is stable up to an annealing temperature of 650 °C where the majority of the free carrier absorption due to H disappears. The spectra shown in Fig. 7(a) further support the conclusion that two donor species are present with different thermal stabilities. When a hydrogenated sample is held for 65 days at room temperature, the free-carrier absorption, measured in this case at 4.2 K, is reduced by 35%. This fraction accounts for the donor that is not stable at room temperature. The freecarrier absorption that remains is more thermally stable and does not decay appreciably for longer times at room temperature.
B. Relationship of shallow donors to hydrogen centers
The annealing data shown in Figs. 5, 6, and 7 help to identify the various hydrogen centers. The annealing results in Figs. 5 and 6 show that the dip in the free-carrier absorption that occurs for annealing at 100 to 150 °C is correlated with a corresponding reduction in the intensity of the O-H line at 3156.1 cm -1 . The spectra in Fig. 7 lead to the same conclusion. 
C. Properties of other O-H centers
The O-H stretching spectrum contains a number of IR lines in addition to the line at 3156.1 cm -1 . The similarity of the spectra reported in the present paper to those reported recently by Hlaing Oo et al. 27 for a different source of samples suggests that most of these lines are due to O-H centers that involve H and intrinsic defects rather than additional impurities that might be expected to depend on the sample source.
(The few weaker lines that do differ, for example a line at 3294 cm -1 seen by Hlaing Oo et al. 27 but not by us, may indeed be due to H trapped in the vicinity of other impurities.)
Polarized spectra for a sample containing both H and D provide additional clues to the identity of the O-H and O-D centers. 
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The formation of an (O-H) 2 complex in SnO 2 is still another similarity to the behavior of H in ZnO where a complex of two H atoms with a zinc vacancy (V Zn -H 2 ) has been identified. 30, 41 In the present paper, we are concerned primarily with (O-H) 2 as a source and sink for H in annealing experiments.
Candidates for possible microscopic defect structures will be discussed elsewhere. Table I . Other possible assignments of these O-H modes will be discussed elsewhere.
D. Sources and sinks for hydrogen.
Our data show that there are hydrogen centers in our as-grown SnO 2 samples that do not give rise to electrically active shallow donors. Simply annealing an as-grown sample in a He ambient and quenching produces a small concentration of H i [spectrum (ii) in Fig. 1 ]. When a sample is annealed in an H 2 ambient, H i , H O , and additional O-H defects are produced throughout the sample bulk [spectrum (iv) in Fig. 1 ]. What is surprising is that when an as-grown sample is annealed in a D 2 ambient [spectrum (v) in Fig. 1] , not only are deuterium centers formed, but hydrogen centers are again formed throughout the bulk of the SnO 2 sample from the interaction of hydrogen that was already present with native defects that are introduced by the heat treatment. After an SnO 2 sample is annealed at elevated temperature (1100 °C) to remove H, annealing in a D 2 ambient produces deuterium centers but does not produce hydrogen centers
[spectrum (iii) in Fig. 1 ], supporting the conclusion that O-H centers can be produced from H already present in an as-grown sample. These results, in which H already present in the sample can be converted Annealing at elevated temperature (500 ºC here) releases H i from these defects that becomes trapped as the isolated interstitial donor species when the sample is quickly quenched to room temperature.
Hydrogen from the more stable shallow donor that has been proposed to be due to H O can also be converted into other defects upon annealing. The data in Fig. 6 show that as the free-carrier absorption that arises from the H O center is annealed away at 600 °C, the H i center (3156. contains hydrogen, its conductivity will be highly sensitive to the thermal history of the sample.
The vibrational modes of the several O-H and (O-H) 2 centers that have been observed in SnO 2 have been found to have distinctive polarization properties that provide an important, structure-sensitive test of any microscopic defect models that might be proposed. was truncated so that weaker lines in the spectrum could be seen more clearly. 
